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ABSTRACT
Metamorphism was studied in a three square mile area in the west- 
central portion of the Flint Creek Range, western Montana. Rocks in 
the area range in age from Mississippian (Madison Limestone) to Early 
Cretaceous (Kootenai Formation) and are intruded by the Royal Stock.
A contact aureole about a mile wide surrounds the stock and is super­
imposed on foliated structures formed by earlier regional metamorphism.
Late Cretaceous or Early Tertiary tectonism produced folds and 
faults in the Flint Creek Range. For the most part, folds are isoclin­
al and overturned to the west, so that axial surfaces dip to the east. 
Some folds overturned to the east occur on the western border of the 
range. In the study area the major isoclinal folds trend N30^W, plunge 
to the north and are upright. Minor overturning and refolding in the 
east-central part of the area is related to intrusion. Abukuma-type 
regional metamorphism developed during folding. Foliation is parallel 
to fold axial surfaces and is characterized by assemblages containing 
cordierite, which forms under high temperature, low pressure conditions 
Metamorphic grade increases from west to east, from the greenschist 
facies to the cordierite-amphibolite facies. Grade changes apparently 
are due to increases in folding stress and heat, from west to east,
Granodiorite melt (Royal Stock) forcefully intruded the folded 
structure after development of foliation. The Royal Stock is ellip­
soidal ( 5 X 7  miles) and is relatively homogeneous compositionally and 
texturally. The stock was intruded at a temperature between 735° C . 
and 775° C . Country rock lithostatic pressure probably was between
Vlll
600 bars and 1100 bars. The granodiorite contains large poikilitic 
orthoclase plates with plagioclase inclusions. Composition of zoned 
plagioclase averages An , but varies from An in the core to
An 2 5  in the rims of crystals.
Hornfelsing of country rocks accompanied crystallization of the stock, 
destroying pre-existing foliation within about 1000 feet of the contact. 
Beyond 1000 feet and in areas outside the contact aureole, foliation was 
not destroyed, although poikiloblasts and porphyroblasts formed during 
contact metamorphism warp the foliation. Minerals formed during contact 
metamorphism include andalusite, biotite, actinolite, plagioclase, and 
epidote. Grade decreases from the hornblende-hornfels facies near the 
stock to the albite-epidote-hornfels facies about a mile from the stock.
INTRODUCTION
Location
The area studied covers approximately three square miles of the 
west-central portion of the Flint Creek Range, western Montana (Fig, 1). 
The area is in Granite County, ten miles northeast of Philipsburg, and 
is bounded by Granite Creek on the south, Goat Mountain on the east, 
and Royal Gold Creek on the north (Philipsburg 30' Quadrangle, 1905; 
and Geologic Map of the Northwest Flank of the Flint Creek Range,
Western Montana, by G. E . McGill, 1959).
The main road leading to the area goes up Boulder Creek from 
Montana U, S, lOA at Maxville (about 15 miles southwest of Drummond.)
At the Brooklyn Mine (eight miles east of Maxville) the road forks.
The left fork goes up the side of the valley and eventually goes into 
Deerlodge Basin. The right fork continues east along Granite Creek 
ending at the Powell Mine about eight miles from the Brooklyn Mine.
The southern end of the study area is accessible using this road.
Roads passing through the area are passable only with 4-wheel drive 
vehicles.
Physiography
Pleistocene alpine glaciation has modified the topography of the 
study area and the rest of the central Flint Creek Range, producing 
U-shaped valleys, cirque basins with tarn lakes, and glacial moraines. 
Deerlodge Basin is a cirque basin at the end of the U-shaped valley 
drained by Royal Gold Creek. East and south of the area U-shaped 
valleys and cirque basins are common; aretes, cols, and horns typically
access
roads
Gold Cr.
U.S. lOA 
Maxville
Thesis
Area
Granite
Mine
Deerlodge
Basin
? Miles
Figure 1 —  Index map
3
form the ridges and peaks.
The study area varies in elevation from approximately 7000 feet 
to 8600 feet. Relief is greatest (as much as 1000 feet) where glacia­
tion has produced steep valley walls on the south and east.
Previous Work
The first study of the Flint Creek Range was made by Emmons and 
Calkins (1913, 1915), whose geologic map and overall interpretations 
of structure, stratigraphy and geologic history of the range have not 
been changed greatly by subsequent work. Most work done since 1913 
has dealt with special problems related to structure, stratigraphy, or 
geologic history. Pardee (1917a, 1917b, 1921, 1936) mapped and des­
cribed the phosphatic beds in Permian rocks of the area. Holser (1950) 
studied metamorphism and mineralization in Lower Paleozoic rocks near 
Philipsburg. Other papers have dealt with mineralization at Philips­
burg .
During the past decade, Princeton University Ph.D. theses under 
the direction of Dr. John Maxwell have involved remapping the range 
in order to better describe geologic structure, and modes of emplace­
ment of the Philipsburg Batholith, Powell Batholith, and Royal Stock. 
These include papers by G. J. Poulter (1957), G . E. McGill (1959),
T. A, Mutch (1960), V, E. Gwinn (1960), J. C. Allen (1962), and
B. Csejtey (1962). Although these papers mention metamorphism in the 
range, none deal with it in any detail.
Present Study
The purpose of this study is to investigate the metamorphism 
associated with the west border of the Royal Stock. Analysis of
4
progressive metamorphic grade, and sequence of metamorphic structures 
and minerals are the prime objectives.
A geologic map was necessary to aid in interpretation of structure 
and stratigraphy and to serve as a base map for locating samples. 
Although geologic maps of the area exist, none are on a scale large 
enough to be of use in a study of this type; consequently the area was 
remapped on a larger scale base map. Cominco American, Inc.* provided 
an excellent topographic map with a scale of one inch equal to 500 feet, 
and a contour interval of twenty-five feet.
Poor outcrops and difficulty in distinguishing some stratigraphie 
units made mapping difficult. In most cases contacts were walked out 
between outcrops, using float to locate the approximate position of the 
contacts. The Quadrant Quartzite proved to be a very useful marker 
horizon in this type of mapping. In general, formation thicknesses 
given by McGill (1959) were used as a guide.
Samples of metamorphic rock were taken where relatively continuous 
outcrop is present. Each distinctive lithology was sampled, emphasis 
being on the pelitic rocks. Metamorphic structures are difficult to 
see in handspecimen although some pelitic rocks have a phyllitic sheen. 
For this reason mesoscopic fabric analysis was not attempted. The 
Retort Member of the Permian Phosphoria Formation was sampled in order 
to see effects of metamorphism on the unique structure and composition 
of these phosphatic rocks.
Rock samples were thin-sectioned, then analyzed with a pétrographie
microscope. X-ray diffraction analyses were made on some samples to
*Garrison, Montana; Known as Montana Phosphate Products Co. prior to 
mid-1965,
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aid in mineral identification* Samples of granodiorite from the Royal 
Stock were taken at several points near the stock-country r^ock contact. 
The universal-stage microscope was used to determine composition of 
plagioclase in the granodiorite *
This area is only one of many suitable for a study of this type* 
Other potential study areas are located southeast of Deerlodge Basin 
between Goat Mountain and Racetrack Creek, where metamorphic rocks are 
well exposed* The rocks there are coarser-grained than in the present 
study area, and may be of higher metamorphic grade. Marble, coarse 
hornfels and schist are typical rock types. However, structure is 
more complex and lower grade rocks may not be present.
Geologic Setting
The Flint Creek Range lies between the Idaho Batholith and Boulder 
Batholith and south of the Montana Lineament (Fig* 2). The Philipsburg 
Batholith, Powell Batholith, and Royal Stock, which intrude Pre- 
cambrian. Paleozoic, and Mesozoic rocks in the Flint Creek Range, may 
be associated with the Boulder Batholith and/or Idaho Batholith. 
Sedimentary host rocks are folded into tight, north-south trending 
folds and are extensively faulted. Most major folds are overturned, 
their axial surfaces dipping to the west near Maxville, and to the east, 
east of the Philipsburg Thrust* Contact metamorphic aureoles in the 
sedimentary rocks surround the intrusions.
Where the Royal Stock intruded sedimentary rocks in the study 
area, the contact between the stock and country* rock is sharp and 
commonly parallels the strike of the structure. However, it does cut 
across structure in the northern part of the area. In most places the
ewÎ9 OverthrustV
\ Eastern limit of\ disturbed belt 
\
Lombard / 
Thrusp/ 
Boulder Batholith
- 1
Idaho \
Batholith
Beartooth
Uplift
iflO miles
Faults
Thrust faults 
Strike-slip faults 
Butte
Flint Creek Range 
Missoula 
Philipsburg 
Royal Stock
- ̂  Montana lineament
Figure 2 —  Tectonic sketch map of
western Montana and eastern Idaho 
(modified after Weidman, 1965)
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contact is steep and probably dips at close to the same angle as the 
beds in the country rock.
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STRATIGRAPHY
Introduct ion
Rocks from Precambrian to Late Cretaceous in age are exposed in 
the Flint Creek Range. Pleistocene glacial moraine and outwash deposits 
locally cover these units. The stratigraphie column (Fig, 3) gives 
the major formation names used in the range with their stratigraphie 
thicknesses. Rocks from the Precambrian Missoula Group to the lower 
part of the Mississippian Limestone do not crop out in the study area, 
but they do occur to the west.
Short descriptions of the formations exposed in the area, from the 
Madison Limestone to the Lower Cretaceous Kootenai Formation, are given 
belowo Lithologie descriptions of unmetamorphosed rocks are taken 
mainly from McGill (1959)„
Mississippian
Madison Limestone
Lower Madison rocks consist of a basal black shale, overlain by 
thin-bedded, dark, fossiliferous limestone. Middle Madison rocks 
consist of dark limestone with abundant nodular chert, The upper 
part of the formation consists of dense to medium-grained crystalline 
limestone. The formation is approximately 2300 feet thick (McGill,
1959, p. 37) although only the upper few hundred feet are exposed in 
the study area. The contact between the Madison and overlying Amsden 
Formation is never exposed. Where it is metamorphosed, the upper 
Madison is typically a white to bluish limestone or marble, often 
containing tremolite.
Series Formation Lithology Thick­ness
o
ONOc0)o
Recent alluvium
Pleistocene glacial moraines
Pliocene or 
Pleistocene
capping gravels
Miocene?
ioÜ>04-»
Upper
Lower
1r—ioo
Upper 
Mem, sandstone, shale 1000*+
Lower
Mem.
shale, limestone 4^5-685
Kootenai Fm, sfone^^ïÎAestonë 1255*
*-3
Middle and 
Upper
Jurassic 
Undiff.
calc, shale,silt- 
stone , sandstone 480*
E
n*:
Permian
Undiff.
carbonate*  ̂sandstone, cHert ^,^£ho§£hatej;:o^^^150-175
•s
<3
Penn.
Miss.
Quadrant Qzt, quartzite 120*
Amsden Fm. calc, siltstone and shale _ _ 300*
Madison Lms _ limestone 2300*1.
iQ
Upper Jefferson Fm,
limestone and dolomite 850* +
Maywood Fm. dolo. siltstone. 275*
1u
o
Upper
Middle
Red Lion Fm. limestone 330*
Hasmark Dolo. dolomite llQC*
Silver Hill limestone and shale 330*
Flathead Qzt. quartzite 200*
§
2o«
Belt Missoula Gp.
sandstone, quartz­
ite. argillite 4400*+
Newland Fm. argillaceous and silic. limestone ?
Figure 3 —  Stratigraphie column for the Flint Creek Range 
(Modified after McGill, 1959, Table 1.)
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Mississippian-Pennsy1van ian
Amsden Formation
The Amsden is composed of interbedded red and yellow dolomitic 
siltstone, dolomite, siltstone, and limestone. The formation is 
rarely exposed and is characterized by red soil. In the study area 
the Amsden commonly forms green calcareous hornfelsic rocks. Actino­
lite, epidote, quartz, and calcite are the predominant minerals.
Locally, thin phyllitic beds are intercalated with the hornfels.
The metamorphosed Amsden is resistant so that it is often seen in 
outcrop. The contact between the Amsden and the overlying Quadrant 
Quartzite is not sharp but lies within a zone of interbedded quartzite 
and calcareous hornfels. The contact was generally drawn at the 
middle of the gradational zone. A thickness of approximately 300 feet 
is exposed in the area,
Pennsylvanian
Quadrant Quartzite
The Quadrant typically is composed of pure, fine-grained white to 
light gray, massive orthoquartzite. It is very resistant and litho- 
logically distinctive, making it an excellent marker bed. Where meta­
morphosed the Quadrant is light tan to white quartzite with some pyrite 
giving it a red color on the weathered surface. The contact between 
the Pennyslvanian and Permian is sharp and conformable. It is generally 
considered, however, to be a disconformity. A thickness of about 120 
feet of Quadrant was mapped.
Permian
The Permian is divided into three formations in this part of
11
Montana according to the nomenclature used by McKelvey and others 
(1956)o These are, in ascending order: 1.) Park City Formation,
2a) Phosphoria Formation, composed of the Retort Phosphatic Shale 
Member and the Tosi Chert Member, and 31) Shedhori Sandstone. These 
formations appear to represent continuous or near continuous deposi­
tion o
Park City Formation
The Park City is composed of tan to gray, fine- to coarse-grained 
quartz siltstone and silty carbonate with beds of gray and red nodular 
chert, and nodular milky quartz. McGill (1959, p. 46) reports about 
120 feet of Park City but only 50 to 75 feet are exposed in the study 
area. The unit forms hornfelsic calc-silicate rocks where metamorphosed. 
Calcite, epidote, chert, quartz, tremolite, scapolite, and forsterite 
occur in these rocks,
Phosphoria Formation
Retort Phosphatic Shale Member-
The Retort consists of black, pelletai and oolitic phosphatic 
shales and shaly phosphorite, commonly with chert and sponge spicules. 
Where unmetamorphosed it is rarely exposed. Where metamorphosed the 
unit is more resistant and crops out at a few localities. Green apa­
tite phyllite and hornfels are most common in the unit. Minerals 
include apatite, green muscovite (phengite?), blue-green biotite 
(phlogopite?) , quartz, and pyrite. The unit is approximately ten feet 
thick in the area.
Tosi Chert Member-
The Tosi is commonly red to gray, sandy, massive chert containing
12
fragments of phosphate rock» Locally, beds of dark phyllite or mica 
hornfels are found interbedded with the cherty units. The member is 
about sixty-five feet thick in the area.
Shedhorn Sandstone
The Shedhorn is fine-grained tan to white cherty orthoquartzite 
often weathering to red or buff. The shedhorn was rarely identified 
in the area but could be as much as twenty-five feet thick. It 
probably is absent at most localities. The contact between the Shed­
horn and overlying Jurassic rocks is not exposed but is described as 
a disconformity elsewhere.
Triassic
Triassic rocks are not present in the Flint Creek Range although 
they are exposed about fifty miles south of the range (McGill, 1959, 
p. 50).
Jurassic
Ellis Group
The Ellis includes all Jurassic rocks present in the study area. 
North of the Flint Creek Range the Ellis Group is divided into the 
Sawtooth, Rierdon, and Swift formations, which range in age from 
Middle to Late Jurassic. The Ellis was mapped as a single unit since 
the formations within the group are difficult to distinguish in the 
field. The group consists of black shale, calcareous shale, thin 
limestone, fossil hash beds, gray calcareous siltstone, and calcareous 
silty sandstone. Where metamorphosed the Ellis consists of green horn­
fels, phyllite, and schist with quartzite. Pelitic rocks commonly 
contain andalusite, muscovite, and biotite. Actinolite, epidote.
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calcite, and quartz predominate in calcareous rocks. "Pods" rich in 
calcite, actinolite, K-spar, and quartz often occur in the pelitic 
unitsp The Jurassic-Cretaceous boundary is difficult to distinguish 
but probably is marked by a pebbly quartzite. McGill's (1959, p. 50) 
value of 480 feet was used as the formation thickness in the study 
area.
Cretaceous
Kootenai Formation
The Kootenai Formation consists of impure sandstone, siltstone, 
claystone, and limestone. The sandstone is often calcareous and silty. 
The top of the formation is marked by a 100 foot-thick section of lime­
stone containing freshwater gastropods. The gastropod limestone is 
not exposed in the map area, although it is found to the north and east. 
The metamorphosed section in the map area consists of green hornfels, 
phyllite, schist, and quartzite. The quartzite is similar to Jurassic 
quartzite, and contains andalusite, biotite, and muscovite. Calcareous 
rocks generally contain actinolite, epidote, calcite, quartz, and bio­
tite, Ovoid "pods" rich in calcite, actinolite, K-spar, and quartz 
often occur in the pelitic rocks, Muscovite and biotite are dominant 
in the schists and phyllites, in addition to porphyroblasts of andalus­
ite, The lower approximately 400 to 500 feet of Kootenai is exposed in 
the area. Thicknesses of 1300 feet have been reported in other areas 
(McGill, 1959, p, 57)p As was mentioned previously, the boundary 
between the Kootenai and Ellis is not well defined, but is interpreted 
to be at a distance of about 480 feet from the Permian, On this basis, 
a continuous section of Kootenai was mapped in the eastern syncline
14
(Geologic Map, Plate 1), whereas, on a smaller scale map McGill 
(1959, 1965), has mapped only patches of Kootenai. However, the 
structural interpretation is the same.
15
STRUCTURE
The Flint Creek Range is dominated by north-south trending struc­
tures. Figure 4 shows the distribution of major structural elements in 
the western part of the range. The Philipsburg Thrust, Douglas Mountain 
Fault, Mount Princeton Fault, and an unnamed fault south of the Royal 
Stock are the principal faults near the study area. The Princeton
V  Thrust 2 milesupthrown
t I « I—upthrown ■* High angle fault
Overturned - 
anticline [
•H
o «. CO
Royal
Stock
y
s
itud;
Figure U —  Generalized tectonic map of the western Flint Creek 
Range (modified after McGill, 1959* Fig# 3)
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Anticline, Douglas Mountain Anticline, Royal Anticline, and Dunkleberg 
Ridge Anticline are the principle north plunging anticlines near the 
study area* The folds are mostly overturned to the west, their axial 
surfaces dipping steeply to the east.
The Royal Anticline passes through the central portion of the map 
area (Geologic Map and Structure Section, Plate 1). It is flanked on 
both the west and east by unnamed synclines. Small parasitic folds 
are located in the east-central part of the map area. In contrast to 
the regional overturning, for the most part the axial surfaces of the 
major folds are vertical. No overturning of folds is apparent, except 
in the area of the parasitic folds. Plots of poles to bedding planes 
(Fig. 5) show that the area can be roughly divided into four structural 
domains based on grouping of poles. Figure 6 shows these divisions 
superimposed on the geologic map. Domain I includes the northern part 
of the area. The fold axes trend N18°W and plunge 10° to the north. 
Domain II covers the southern part of the area where the fold axes 
trend N17°W and plunge 28° to the north. The low point densities make 
values of plunge for both domains only rough approximations. Domain 
III covers most of the east-central part of the area. Fold axes trend 
N28°W and plunge 16° to the south. Domain IV covers the area of over­
turned attitudes associated with the parasitic folds In the east- 
central part of the map area. The attitudes are too scattered to show 
the trend of axes, although they indicate that axes plunge nearly 90°. 
The geologic map (Plate 1) shows that the axial traces of the para­
sitic folds trend approximately N60°W, The apparent discordance in 
axial trend between the major and minor folds suggests two periods of
17
N
(S> Axis
Doma i n I
O  Ax i s
Doma in II
N N
Axis
Doma in III
Axis ®
DomaIn IV
Figure 5 -- Stereographic projections of poles to bedding planes 
defining structural domains (Plotted on lower hemispheres).
ie
fi
rFrSTî
m
19
de format ion «
A small fault in Deerlodge Basin, and another small fault in the 
northeastern part of the area, have right lateral displacement and 
appear to be strike-slip faults. The association of the fault in 
Deerlodge Basin with overturned attitudes and parasitic folds (Fig. 7) 
suggests that a local deforming force came from the north. This
NA
\
I
I
/
I
\
\
\
\ S'" Figure 7 —  Deformation in 
Deerlodge Basin (See 
also Geologic Map, 
Plate 1), not to 
scale.
force appears to be related to intrusion of the Royal Stock. That 
is, the part of the stock that cuts across structure in the northern 
part of the area may have been intruded from the north, producing a 
southward stress on rocks south of it. The east-west compressional 
forces which produced the major folds could not have produced the 
parasitic folds and the strike-slip fault. The northern fault was 
not produced by east-west compression and probably was not produced 
by a southward stress. A local northwest push of the intrusion is 
the most reasonable explanation for its formation. On the basis of 
the relationship between this minor deformation (folding and faulting) 
to intrusion, and of discordant features of the stock with major 
folding, it is apparent that formation of major folds preceded intrusion
20
and resultant deformation <.
Allen (1966, p . 298) suggests that the Royal Stock plunges to the 
southwest and apparently was intruded from the south. Country rock 
deformation present along the northern border of the stock is consis­
tant with this interpretation. However, the parasitic fold and related 
fault in Deerlodge Basin have been shown to be a probable result of 
a local intrusive push from the north. This disagreement probably 
reflects non-uniform stress produced by the intrusion, so that the 
stock may have intruded from the southwest (producing forces with a 
major northward component) although strong southward components (and 
small northwest components) locally produced country rock distortion 
as in the study area.
The relationship between intrusions and major faults in the 
Flint Creek Range (none in the map area) is clear. For example, the 
unnamed fault south of the Royal Stock (see Fig, H) is truncated by 
granitic rock. In addition, McGill's (1959) geologic map shows 
several faults that are truncated by intrusions; therefore, most 
major faults preceded intrusion.
The relationship between overthrusts and folds in the Flint Creek 
Range is not clear. McGill (1959, 1965) believes that folds in younger 
Paleozoic rocks were modified, if not produced, by overthrusts. Over­
turning to the west would therefore be a result of overthrusting from 
east to west. Overthrusting from west to east would produce folds 
overturned to the east. There are eastward dipping faults in the 
eastern part of the range and westward dipping faults in the western 
area. McGill does not state clearly what the mechanisms for folding
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might be 9 that is, folding as a result of drag, or folding related to 
compression associated with overthrusting, but not intimately involved 
with it = The former mechanism appears to be favored by McGill. How­
ever, there is no evidence in the area of greatest folding that might 
suggest one of the alternatives.
Although I have not done any field work to indicate the relation­
ship of overthrusting to folding in the area worked.on by McGill, I 
have found evidence to show the relationship of the high angle reverse 
fault south of the Royal Stock (Fig. 4) to the folded structure. In 
this area (not included in the map area), the regional structural 
trend remains north-south, and the major folds are overturned to the 
west so that dips are to the east. Westward dips occur near the fault 
suggesting that they are a result of drag produced by the fault. The 
fault dips to the west. In addition, the axial surface of an overturned 
anticline is refolded into an upright position, suggesting that drag 
along the fault modified the structure, Figure 8  illustrates this 
relationship diagramatically:
\
\
\
Figure 8  —  Drag features associated with a fault.
In this case, the faulting is probably post-folding. Other faults in 
the area may not show this relationship.
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ROYAL STOCK
Structure
The Royal Stock underlies about thirty square miles of the central 
Flint Creek Range, According to Allen (1962, p . 9), the stock is 
ellipsoidal, seven miles long (east-west) and five miles wide (north- 
south)» It is composed of granodiorite with associated aplite and 
dacite dikes, and mineralized quartz veins*
Allen reports that the stock is relatively homogeneous lithologi- 
cally, although border zones sometimes are finer-grained. Foliation 
and lineation are rare, although a slight foliation is present near the 
contact* The foliation is parallel with the stock contact and is not 
affected by changes in structure of the country rock. Although the 
contact locally cuts across structure it is roughly concordant along 
the western side of the stock. Country rock structure parallels the 
contact (east-west strike) on the northern border of the stock (Allen, 
1962, geologic map) in contrast to the regional north-south trend. This 
suggests modification of the regional structure by forceful intrusion. 
Igneous breccia along the northern contact (Allen, 1962, p. 12) also 
indicates forceful intrusion. Allen has found that foliation usually 
parallels the contact so that dips of the foliation roughly indicate 
dips of the contact. His geologic map shows that foliation dips steeply 
to the west along the western contact, while it dips about 40° to the 
east along the eastern contact. The stock is asymmetric, therefore, 
to the west.
Three hypotheses concerning emplacement of granitic plutons are
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generally accepted, according to Taubeneck (1957)„ These are: 1.) 
forceful intrusion, 2 .) stoping with or without assimilation, and 
S o )  granitization o Granitization of country rock as a means of 
emplaceing a granitic body is difficult to explain in the case of the 
Royal Stock* Inherited compositional layering, a rather gradational 
country rock-granite contact, and general concordance of country rock 
structure and the contact are features that might be expected as a 
result of granitization. In addition, country rock structure should 
not be modified* These features of granitization are not seen in the 
area* On the other hand, the sharp contact, discordance with country 
rock structure, and modification of structure, point to a mode of 
emplacement involving forceful intrusion or stoping* Stoping and 
forceful intrusion are related to emplacement of granitic melts*
Stoping is the more passive mode of emplacement of granite, and 
involves melting or otherwise incorporating country rock material and 
replacing it * Large numbers of xenoliths might be expected in a 
granite emplaced by stoping* In addition, structural modifications
to the country rock structure should not be great* Allen (1962, p * 107)
summarizes the structural features associated with the Royal Stock as 
follows: 1 *) sharp, discordant contacts, 2 *) strong deflection of the 
regional structure, 3*) lack of xenoliths, 4*) parallelism of the 
foliation (in granodiorite) and contacts regardless of country rock 
structure, and 5*) a concentric contact aureole surrounding the stock*
The lack of xenoliths and modification of country rock structure indi­
cates that stoping was a less prominent process, at least on the
scale of the stock* Therefore, forceful intrusion, as suggested by Allen
24
appears to have played a more important part in emplacement of the
stock o
Mineralogy
Three thin sections from the stock were analyzed with the pétro­
graphie microscope and universal stage microscope<, Minerals were 
identified on the basis of optic properties, and percentages were 
estimated visually* The minerals identified and their modal sizes 
and percentages are listed below in Table 1:
Mineral Size gr- 1 gr-3 4 Allen's 4 1962, 
Po 53) average
quartz clots - 1  mm 6 1 - 2  cm 2 0 % 15% 15% 27%
plagioclase 1—3 mm 62 58 53 47
biotite o5-2 mm 5 5 5 8
orthoclase o 5 mm - 2  cm 1 0 25 25 17
microcline 1  mm 1 1 1 ——
muscovite o 5 mm tr tr tr ——
zircon 1  mm tr tr tr tr
magnetite 1  mm 1 tr tr o5
chlorite 1 1 1 ——
epidote <  1  mm tr tr tr ——
calcite tr —— —— ——
sphene 1  mm tr —— —— ——
Table 1 -- 
Royal
Modal mineral 
Stock
analyses of three thin sections from the
le rocks are granodiorites, and typically exhibit hypidiomorphic
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granular texture (Fig« 9), often porphyritico Allen's analyses were 
made by statistical point counting using more samples, therefore should 
be closer to the actual composition of the stock* In any case, the 
difference between his average composition, and modes from the present 
study is not great enough to indicate an anomalous composition in this 
area*
Biotite was probably the first major mineral to crystallize as 
suggested by inclusions of biotite within plagioclase* Zircon inclu­
sions in biotite frequently show pleochroic alteration haloes* Biotite 
is often altered to chlorite, probably the result of deuteric alteration 
or later hydrothermal alteration*
Plagioclase crystallized after biotite, forming euhedral crystals, 
often zoned* In the later stages of plagioclase crystallization irregu­
lar rims of more sodic composition crystallized giving the crystals an 
anhedral aspect* Analysis of a few zoned plagioclase crystals showed 
that the average composition is about 35% anorthite, ranging from 
An 2 5 the outer rin tc An 5 0  thin, irregular laminations within 
the crystals* Most other parts have a composition of about An 3 3 *
These compositions are roughly the same as obtained by Allen, except 
that he does not report any zones more calcic than An 3 5 * The presence 
of these zones more calcic than An 3 3  may be anomalous to the normal 
plagioclase in the stock* In any case, they form a very small part 
of the total composition of the plagioclase* Most crystals of 
plagioclase are heavily sericitized, containing muscovite and epidote* 
More will be said about this alteration below*
Orthoclase fills voids between plagioclase crystals and forms
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Figure 9 —  Typical hypidiomorphic granular texture of grano­
diorite from the Royal Stock. Note large zoned plagioclase 
crystal in the lower right-hand corner. The rim of the 
crystal (lighter zone) has a composition of An^^i the 
remainder has an average composition of An^g. Sample gr-4, 
with x-nicols.
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large irregular poikilitic phenocrysts containing inclusions of zoned 
plagioclase and biotite* Irregular myrmekitic zones often occur around 
plagioclase inclusions in orthoclase phenocrysts, suggesting that some 
reaction of plagioclase with solutions took place before or during 
crystallization of orthoclase* Quartz in these myrmekitic zones is 
limited to the zone and does not enter the plagioclase inclusion or 
orthoclase host* Corroded boundaries often characterize plagioclase 
and biotite inclusions in orthoclase* Some microcline twinning is 
apparent in potassium feldspar, but for the most part a slightly per- 
thitic texture without twinning predominates*
Quartz is an interstitial filling and often forms large pods of 
anhedral grains* Most quartz is strongly undulose suggesting post­
crystallization strain* Inclusions of biotite, rutile, tourmaline, 
and zircon in quartz, with vacuoles and vacuole,trains, are common* 
Alteration
Alteration has produced sericite and epidote from plagioclase, 
and chlorite from biotite* An approximate reaction for this deuteric 
or hydrothermal alteration is inferred as follows:
2(Fe-Ti)-biotite + 5 anorthite + 4 H 2 O + 5 COg" ^
2 muscovite + 1 Mg-chlorite + x rutile + 2 epidote + 5 CaCOg 
Most sericite and epidote occur in the more calcic parts of plagio­
clase crystals, suggesting that anorthite is more closely associated 
with the reaction than is albite* The presence of rutile or ilmenite 
in chlorite altered from biotite shows that iron and titanium are 
present in the biotite* Chlorite is of two varieties having prussian 
blue (length slow) and olive drab or brown (length fast) interference
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colorso According to Albee (1962, Fig* 4), the length slow C-) 
variety is high in iron » while the length fast variety (+) is 
high in magnesium» The high iron variety typically occurs directly 
adjacent to biotite or is obviously altering from ito The high 
magnesium variety most often occurs next to the high iron type, 
suggesting decrease in iron with increased alteration« Some "brown" 
chlorite exhibits an unusual radial crystal habit, the origin of 
which is not knowno
Alteration is more extreme in samples gp-1 and gr—3 than in 
gr-4o The more altered ones also exhibit some strained quartz, 
fractured plagioclase crystals, and strained biotite, indicating 
post-crystallization deformationo The proximity of gr-1 to mineral­
ized veins, and of gr-3 to a small fault suggests that the degree 
of alteration is directly related to deformation and mineralization* 
Since both faulting and mineralization involve granodiorite, they 
are post-crystallization features, or at least are contemporaneous 
with the later stages of crystallization*
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METAMORPHISM
Introduction
Minerals and structures produced by metamorphism extend at least 
1 1/4 miles outward from the contact of the country rock with the 
Royal Stocko The metamorphic zone may be wider but the lack of expo­
sures and presence of limestone instead of pelitic rocks make it 
difficult to see any metamorphic effects beyond this limit» Metamor— 
phism is dominated by minerals and structures produced during intrusion, 
but evidence is presented later in the paper to show that regional 
metamorphism also affected the area» On the basis that regional 
metamorphism was not present, McGill (1959, p* 78) stated that the 
contact aureole extends 1 1/2 miles from the contact» He divided the 
aureole into three zones on the basis of mineralogy and structure»
Zone III, occupying the outer mile of the aureole, is characterized by 
"baked" shale, that is, no minéralogie effects of metamorphism are 
noticed» Zone II occupying the major part of the inner 1/2 mile 
of the aureole, is characterized by hardened shales with knots of 
epidote and act indite, epidote and actinolite in impure sandstones, 
hardening of sandstones to quartzite, and production of tremolite 
from chert nodules in limestone» Zone I occurs adjacent to the stock 
as an irregular band a few tens of hundreds of feet wide» Development 
of minerals in the amphibolite or pyroxenite facies characterize this 
zone o
The zones appear to be generalized from McGills' observations at 
several localities within the aureole surrounding the stock» They
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have no significance in the study area since metamorphism is much 
more complex than stated by McGill, and structures produced by 
regional metamorphism make it difficult to define the outer limits 
of the contact aureole<> The characteristics of Zone III are, 
however, close to those seen in the study area* Sedimentary 
structures are only slightly modified, but some actinolite, sericite, 
and chlorite is present. The exact origin of the chlorite and sericite 
is not clear, but could be a result of one or a combination of 1 .) 
regional metamorphism, 2 .) prograde contact metamorphism, or S.) retro­
grade contact metamorphismo Zones I and II probably should be combined 
into one zone in the study area. This zone would include all, except 
the outer 1/4 mile or so, of the metamorphic area. It is characterized 
by assemblages containing biotite, chlorite, and muscovite away from 
the stock, grading to rocks containing biotite and andalusite, or 
plagioclase toward the stock. If this zone is considered to be mostly 
a result of contact metamorphism, then the grade increases toward the 
stock, from the albite-epidote hornfels facies to the hornblende— 
hornfels facies.
Structures
Rock structure or fabric in the study area is divided into two 
classes. A.) sedimentary structure, and B.) metamorphic structure.
A. Sedimentary Structure
Lithologie layering, grains of identifiable quartz sand, fossils, 
oolites, pellets and sponge spicules are all features related to the 
original texture and structure of the sedimentary rocks which were
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later metamorphosed in the study area. Lithologie differences between 
formations cause the largest scale differences in resultant metamorphic 
rocks. Within a formation lithologie differences can be at a scale of 
meters 5 centimeters, and millimeters. At the scale of thin sections 
lithologie laminations to 1  mm thick produce differences in metamorphic 
mineral assemblages. Quartz sand grains are often preserved, even in 
highest grade rocks g and are indicators of original texture of the rock, 
They appear as large* isolated grains* in a finer grained matrix of 
metamorphic minerals and quartz (Fig, 10), Oolites, pellets* and 
sponge spicules in the Retort Member of the Phosphoria Formation are 
present only in areas of lowest metamorphic grade (for example at Pit 
#1 , and Pit #4), Ovoid structures in phosphatic rocks are present in 
higher grade rocks and probably represent recrystallized oolites and 
pellets, A more detailed description of the phosphatic rocks will be 
given in a later section. Fossil fragments were found in one thin 
section (J=16) within the hornblende-hornfels facies. Bedding and a 
slight foliation are warped by these fragments, indicating that they 
were present as resistant areas during compaction and metamorphism. 
Interpretations were made as to the sedimentary rock types 
represented by metamorphic rocks in the study area. The ratio between 
sand grains, mica, and minerals such as actinolite, epidote* and 
calcite (formed from calcareous rocks) is indicative of the original 
texture and gross composition of the rock, For example, a metamor— 
phic rock with 10% quartz sand, 50% mica, and 10% actinolite—epidote- 
calcite, plus 30% recrystallized quartz, is probably derived from a
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Figure 10 —  Quartz sand grains in a metamorphosed Ellis Group 
sandy shale. The groundmass consists of slightly foliated 
muscovite and biotite, with spots rich in chlorite. Sample 
K-4, with x-nicbiSo
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sandy 9 calcareous shale or silt* Thin sections were not made from 
samples of pure quartzite or limestone 9 as from the Madison Limestonej 
Quadrant Quartzite* and Shedhorn Sandstone* so that they are not rep­
resented* Table 2 lists the number of thin sections found in each 
category*
Most rocks are fine-grained elastics* with some carbonates and 
coarser—grained elastics* The chart also shows that formations are 
generally distinct with the exception of the Kootenai Formation and 
Ellis Group* This problem in distinguishing lithologies in the 
Kootenai and Ellis is representative of the problem encountered 
distinguishing these formations in the field*
B* Metamorphic Structure 
Metamorphism has imposed both hornfelsic and foliated structures 
on the sedimentary rocks in the study area* Porphyroblasts and 
poikiloblasts (Fig* 11* 12) are common in both structures* although 
they show no orientation in either foliated or unfoliated rocks* 
Hornfelsic structure is best developed close to the Royal Stock while 
phyllitic or schistose structure is better developed away from the 
stock* Homfelses are fine to medium-grained and often show relic 
sedimentary bedding*
Phyllitic structure was present before hornfelsing since 
porphyroblasts deflect the mica schistosity* In most cases* folia­
tion is essentially parallel to bedding and to axial surfaces of 
isoclinal folds* which suggest development of foliation during this 
folding 0 Small folds in sample A - 6  illustrate this on a microscale
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Sandstone + clay or silt 3 1
Argillaceous sandstone 5 8
Argo sandstone + carbo 2 1 1
Silt or shale 1 3 3
Sandy silt or shale 1 1 6
Calc o silt or shale + sand 5 1 1 6
Argillaceous carbonate 2 1
Carbonate (dolomite 6  Is «) 3 1
Phosphatic shale + sand 4
Argo phosphorite + sand 2
Sandy phosphorite 4
Table 2 -- Sedimentary rock equivalents for metamorphic rocks in the 
study area.
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A well formed actinolite poikiloblast is shown with biotite (small, 
dark grains, foliation direction is indicated with black line)» 
Sample K-14a, with plane light»
bo Radial actinolite (a) porphyroblasts are shown with quartz and
untwinned plagioclase» Note pyrite in lower left cornero Sample 
K-29b, with x-nicols»
Figure 11 -- Poikiloblasts and porphyroblasts of actinolite
H
rr\ry -\
a o Well developed andalusite poikiloblasts (a), with quartz inclusions
are showno The black grains are biotite, and white ones are quartz 
(q)o Sample K-17, with plane light.
I *  t W tv» I
b. Layers of poikiloblastic andalusite (a) are shown to alternate with 
layers of quartz (q); probably the result of bedding. The brown 
grains are biotite (b). Sample K-17, with plane light,
Figure 12 -- Poikiloblasts of andalusite
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(see Fig o 13)« The foliation passes through the crests of the folds 
and is parallel to the axial planes of the foldso An exception is
3 c 5 cm
Figure 13 -- Foliation (S^) and microfolds (in S^) in thin section 
A— 6  «
samp le J-30 since foliation is at an angle to bedding. This relation­
ship probably developed as a parasitic ("drag") fold (of larger than 
thin section scale)^ upon which foliation was superposed. The para­
sitic fold probably developed during production of the major folds in 
the area.
It is also possible that foliation parallel to axial surfaces of 
the major folds may have developed as a result of compressional forces 
produced during intrusion of the Royal Stock. Some evidence is avail­
able to show that the intrusion modified the regional structure (see 
section on structure), but there is none to show that it actually 
produced compressional forces in such a way as to develop axial 
surface foliation. A graph (Fig. 14) was made to see if any relation­
ship exists between hornfelsing, foliation, and distance from the 
contact. Only samples containing at least 20% mica were considered, 
since degree of foliation varies with lithology and is best developed
all
•H
•H
•H
none
2500 35002000
Feet from contact
1500 3000500 1000
w00
Figure 14 —  Relationship between hornfelsing, foliation, and distance from the Royal Stock contact.
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in micaceous rockso If the stock had produced sufficient forces 
to cause foliation j, then the strongest foliation should be near 
the contacte Although there is scatter, a clear relationship can 
be seen between distance to contact^ and type of structure o The 
effect of hornfelsing is greatly reduced beyond about 1 0 0 0  feet 
from the contact, Apparently, hornfelsing destroyed foliation; 
small areas of foliation within a grossly hornfelsic rock, illus­
trate this pointo Since foliation was not produced near the 
stock, but was destroyed, production of foliation cannot be explained 
by forces produced during intrusion« Development of foliation with 
formation of major folds prior to intrusion remains the most 
probable explanation»
If the foliation did develop during folding then the general 
increase in grade of rocks from west to east toward the stock must 
be explained» Specifically, since foliation is best developed in 
rocks containing muscovite and biotite, the origin of the mica must 
be shown » The most likely modes of origin are 1») there was a 
regional increase in grade from west to east, with muscovite, biotite 
and cordierite characterizing the highest grade regional metamorphic 
minerals, or 2 ») the foliation developed with low grade minerals 
only (sericite and chlorite probably) which provided nuclei for mica 
growth during contact metamorphism, that is, foliation would be a 
relic structure » An increase in tightening of folds from west to 
east is apparent from McGill®s geologic map » This could explain a 
change in grade from west to east » Other evidence is not available, 
but it is apparent from the above, that foliation was not retained
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during recrystallization caused by contact metamorphismo There­
fore , the former possibility appears more likely.
Gross distinctions between minerals formed as a result of 
regional metamorphism and contact metamorphism can be made on the 
basis of structural characteristics; that is, foliated versus horn­
felsic structureo However, equilibrium mineral assemblages cannot 
be distinguished in this way since some foliated minerals may be 
at equilibrium with hornfels minerals and some unoriented minerals 
may have also been produced with other minerals during regional meta- 
morphism, Therefore, the total mineralogy and apparent equilibrium 
mineral assemblages will be described without recourse to metamorphic 
structures unless minerals appear to be in disequilibrium. Interpre­
tations of progressive regional metamorphism will be made afterward 
on the basis of the mineral assemblages unquestionably of regional 
metamorphic origin.
Mineral Assemblages
Minerals in metamorphic rocks are produced as a result of 1.) the 
chemical and mineral composition of the sedimentary rock, and 2 .) physi­
cal conditions, mainly temperature and pressure during metamorphism 
(Turner and Verhoogen, 1960, p, 458), Changes in physical conditions 
during metamorphism, and differences in original composition have pro­
duced a wide range of minerals in rocks of the study area, Minerals 
were identified using the optical properties seen in thin section; 
their abundances were estimated by inspection. The minerals identified, 
their relative abundances, shape, and form are listed below:
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A actinolite-tremolite 
CFigo 11)
A andalusite (Figo 12)
A apatite 
A biotite
C calcite
R carbonaceous material 
A chlorite 
R cordierite 
A epidote (Fig. 15)
R forsterite 
R garnet
C potassium feldspar 
(K-spar, Fig. 15)
C magnetite 
C muscovite 
C plagioclase 
A pyrite 
A quartz 
C rutile 
R scapolite 
R sphene 
C tourmaline 
C zircon
- euhedral to anhedral poikiloblasts
- subhedral to anhedral poikiloblasts 
and porphyroblasts
- (in phosphatic rocks) anhedral
- anhedral to subhedral poikiloblasts, 
porphyroblasts and flakes
- anhedral grains
“ in phosphatic rocks, finely divided
- anhedral, after biotite and actinolite
- anhedral poikiloblasts
- anhedral porphyroblasts
- anhedral grains
- one euhedral grain found
- anhedral grains
“ finely divided
- flakes and rare poikiloblasts
- anhedral grains
- euhedral to subhedral crystals
- anhedral grains
- euhedral acicular crystals in chlorite
- anhedral grains
- subhedral crystals
- euhedral to subhedral crystals
- subhedral crystals, sometimes rounded
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Figure 15 -- Epidote (e) is shown with a K-spar (k) inclusion
in a pod-like cluster of minerals. The groundmass consists 
of quartz, K-spar, plagioclase, epidote, and actinolite. 
Sample A-10, with x-nic^ols.
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A = Abundant 9 seen in many thin sections 
C = Common 9 seen in some thin sections 
R = Rare, seen in few thin sections
These minerals occur in groups or assemblages according to the 
degree of metamorphism and to their original chemical composition.
Workers in the past, Eskola (1939) and Turner and Verhoogen (1960), among 
others, have found that mineral assemblages can be used to define zones 
or facies within which conditions of metamorphism were similar. In a 
rock of uniform composition, mineral changes within characteristic assem­
blages should indicate changes in metamorphic conditions. On the basis 
of field occurrence and pétrographie character, two basic classes of 
metamorphic facies are recognized, 1 .) those of contact metamorphism, 
and 2.) those of regional metamorphism. Turner and Verhoogen list facies 
of contact metamorphism and regional metamorphism (1960, p. 509 and 531). 
These are the facies used in this report. Regional metamorphism in the 
study area may be of the Abukuma-type, so that Abukuma facies are also 
used. Miyashiro (1961, p. 280) describes Abukuma-type faciess 
Greenschist facies 
A zone— >
Basic rocks: albite, epidote, actinolite, chlorite, calcite
Pelitic rocks; chlorite, muscovite, biotite, pyralspite garnet,
plagioclase quartz 
Cordierite-amphibolite facies 
B zone-—
Basic rocks: plagioclase, epidote, blue/green hornblende, chlorite, 
calcite, clinopyroxene
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Pelitic rocks s chlorite, muscovite, biotite, pyralspite g a m e t ,
andalusite, cordierite, plagioclase, K-feldspar, 
quartz
C zone-”
Basic rocks: plagioclase, green and blue hornblende, cummingtonîte, 
clinopyroxene
Pelitic rocks: muscovite, biotite, pyralspite, sillimanite,
cordierite, plagioclase, K-feldspar, quartz
Granulite faciès 
D zone--
Basic rocks: plagioclase, brown hornblende, clinopyroxene, 
orthopyroxene
Pelitic rocks: none descfibëd by Miyashiro
Ao Contact Metamorphism 
Equilibrium mineral assemblages associated with contact metamorphism 
in the study area are listed in Table 3*
Textural relationships indicate that these assemblages were at 
equilibrium during contact metamorphism (hornfels associations), although 
some could have been formed during regional metamorphism alsOo They 
indicate a change in grade from the albite-epidote-hornfels facies to 
the hornblende-hornfels facies (Turner and Verhoogen, po 510-520)o On 
the basis of these assemblages, lines were drawn on the geologic map base 
separating facies (Plate 2)o These lines are not well defined since 
diagnostic minerals do not always occur in individual thin sections.
For example, the presence of andalusite or plagioclase in an assemblage
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^  muscovite-biotite-chlorite-quartz 
I c
2  g biotite-epidote-calcite-quartz•H ̂
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actinolite-epidote-calcite-quartz
muscovite-biotite-epidote-quartz ^  plagioclase
muscovite-biotite-quartz +_ plagioclase
muscovite-biotite-andalusite-quartz
muscovite-biotite-calcite-epidote-quartz
biotite-epidote-K-spar-quartz +_ plagioclase
actinolite-epidote-calcite-quartz + plagioclase + sphene
"g actinolite-epidote-biotite-quartz plagioclase _+ sphene nj
actinolite-epidote-K-spar-quartz
actinolite-epidote-biotite-K-spar-quartz +. plagioclaseko actinolite-epidote-calcite-K-spar-quartz plagioclase
•sg actinolite-calcite-quartz
forsterite-scapolite-calcite-talc? (no quartz) 
muscovite-apatite-quartz 
muscovite-biotite-apatite-quartz
Table 3 —  Mineral assemblages of contact metamorphism in the 
study area»
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is indicative of the homblende-hornfels facies, although the absence 
of these minerals does not mean that an assemblage is not in the facies.
A change in composition within rocks in the same facies could easily 
result in the absence of these minerals. The assemblage muscovite— 
biotite-chlorite-quartz, however, is indicative of the albite-epidote- 
hornf els facies, so if it is identified the facies is known. The 
boundary between these facies was drawn midway between the nearest 
localities showing the characteristics of each. Samples from Deerlodge 
Basin all contain or are adjacent to assemblages that are characteristic 
of the hornblende-hornfels facies, so that a change in facies in the
area is not apparent. The boundary between facies was drawn to the
west of Deerlodge Basin, on the basis that the hornblende-hornfels 
facies is probably of similar width there, as in the southern and north­
ern parts of the study area. Rocks of the hornblende-hornfels facies are 
surrounded by those of the albite-epidote-hornfels facies in a small area 
in the north-central part of the map area. This anomaly may be a result 
of an isolated increase in grade surrounding a small cupola from the 
Royal Stock.
The line defining the outer limit of the contact aureole was drawn 
on the basis of the recognizable metamorphic textures described previous­
ly in the section on metamorphic structures. At best this line is an 
approximation since the lack of suitable outcrops and pelitic rock types 
makes it difficult to find indications of hornfelsing in the outer part 
of the zone. In any case, contact metamorphism did not greatly affect
the rocks beyond the line.
Equilibrium mineral assemblages can be grouped according to
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metamorphic faciès 5 and should coexist if they really are equilibrium 
assemblages in the same facies. Combined ACF-AKF diagrams are used 
to plot assemblages. These ACFK diagrams show relationships between 
calcium-bearing and potassium-bearing assemblages better than ACF or 
AKF diagrams used separately. The combined diagram is derived from 
a tetrahedron having corners to a first approximation at AlgOg, CaO, 
FeO + MgO, and Turner and Verhoogen, (p, 504-505) give further
details for plotting assemblages on ACF triangles.
A K A K
C C
The ACFK tetrahedron is unfolded along the A-F line to permit 
easier visualization of tie lines. Tie lines between minerals on this 
diagram are in the ACF or AKF faces (solid lines), within the tetrahedron, 
or on another face (dashed lines). For example, the actinolite-epidote 
tie line in the assemblage actinolite-epidote-biotite-quartz is on the 
ACF face, whereas the epidote-biotite and actinolite-biotite tie lines 
are within the tetrahedron.
epidote
K
biotite
C actinolite F
biotite
C actinolite F
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Within a facies no tie lines between coexisting equilibrium 
minerals will cross, if they are in the same plane. Tie lines within 
the tetrahedron may appear to cross but they do not since they are not 
in the same plane.
Equilibrium assemblages within the albite-epidote-hornfels facies 
in this area are plotted on an ACFK diagram in Figure 16:
muscovite
+ quartz
epidote
chlorite biotite
C calcite actinolite
Figure 16 -- Assemblages in the albite-epidote-hornfels facies
Possible reactions resulting in the formation of some minerals in these 
assemblages are listed below'“
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(1) 2 Mg-Al chlorite + 6  calcite + 4 muscovite + 2 quartz
3 epidote + 4 biotite + 7 water + 6  CO 2
(2) Mg-Al chlorite + 2 calcite + 8  quartz + 1 water ^
1  actinolite + 1  epidote + 2  CO 2
(3) 1  muscovite + 1  Mg-Fe chlorite 1  Fe-biotite +
1 Mg-Al chlorite
(4) phengite + Mg-chlorite + quartz ^  muscovite + biotite
+ water
or j orthoclase + Mg-Al chlorite ^ 1 muscovite +
biotite + water
(qualitative reactions only)
Equilbrium assemblages from the hornblende-hornfels facies are 
plotted on ACFK diagrams in Figure 17 a, b , c:
andalusite ^ muscovite K-spar
act inolitecalcite
+ quartz
plagioclase 
and/or 
epidote
biotite
Figure 17 a —  Hornblende-hornfels assemblages
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muscovite
+ quartz
biotite
C apatite
Figure 17b —  Hornblende-hornfels facies, apatite assemblages.
no quartz
scapolite
calcite (Mg) forsterite 
talc?
Figure 17c —  Hornblende-hornfels facies, one silica deficient 
assemblage.
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The plane defined by tie lines between muscovite-biotite, biotite- 
actinolite* actinolite-plagioclase, and plagioclase-muscovite is stippled 
in Figure 17 a, and is within the ACKF tetrahedron. The andalusite- 
biotite tie line is above this plane, and all other tie lines are below 
itc Tie lines do not cross in space so that* all assemblages 
appear able to be at equilibrium within the facies.
Epidote is not included in this facies according to Turner and 
Verhoogen (1960, p. 512), however it is a common constituent in rocks 
from the study area, even near the stock contact, Epidote usually 
combines with albite to form plagioclase at the beginning of the horn— 
blende-hornfels facies. The low abundance of plagioclase in epidote— 
rich rocks suggest that albite was not a common constituent in lower 
grade rocks, so that epidote simply did not react, but remained stable.
In cases of Barrovian-type regional metamorphism, epidote can be stable 
up to the kyanite-almandine-muscovite facies where it reacts with quartz 
to form anorthite, grossularite-andradite, hematite, and water. Garnet 
is not present in my epidote-rich rocks so this reaction did not occur. 
Possible explanations for the presence of epidote are 1.) epidote was 
added by metasomatism during contact metamorphism, and 2 .) epidote was 
produced during regional metamorphism or low grade contact metamorphism, 
and was not destroyed at higher grades. Epidote replaces actinolite in 
a thin section of an inclusion in the Royal Stock (A-9), illustrating 
metasomatic addition of epidote; however metasomatism cannot be demon­
strated on a large scale elsewhere. With the few exceptions where 
metasomatism can be demonstrated, the hypothesis that epidote was formed 
prior to high grade metamorphism and was not destroyed later is the most
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logical explanationo
Reactions producing minerals in this facies are difficult to deter­
mine since a single compositional unit cannot be followed from high 
grades to low grades* However, possible reactions can be based on an 
inferred lower grade mineralogy and to a lesser extent on the mineralogy 
of the original sedimentary rocks* The following reactions may account 
for some of the minerals seen in equilibrium assemblages :
Cl) 6  dolomite + 1  tremolite 4 forsterite t 5 calcite +
4 quartz + 1  water + 1  CO^
( 2 ) 3 plagioclase + 5 calcite + 1 2  quartz 2  scapolite + 3  CO g
(3) albite + epidote ^ ^  plagioclase
(not quantitative)
(4) 2 pyrophyllite ------ 7 - 1 andalusite + 3 quartz
(pyrophyllite is not identified in rocks from the area, there­
fore this is a questionable reaction*)
B* Regional Metamorphism 
The section on metamorphic structure showed that products of regional 
metamoiphism can be separated from those of contact metamorphism on the 
basis of foliated structure* Equilibrium assemblages identified from 
foliated minerals or from rocks outside the contact aureole are listed 
in Table 4* The assemblages listed can be correlated with the chlorite
zone and biotite zone of the greenschist facies, although assemblages with
only muscovite and biotite can be stable into the sillimanite—almandine— 
orthoclase subfacies of the almandine—amphibolite facies. The assemblage 
muscovite-biotite—cordierite-quartz does not appear in Harrovian—type
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Abukuma
Type
Barrovian
Type
Assemblages
Chlorite muscovite-chlorite-apatite-quartz
to to<u
zone muscovite-tremolite-apatite-quartz
*HOrO Üa
Biotite biotite-epidote-calcite-quartz
-M
(0•Hi o
s<u<Du
CD
-- 1-------
4-*to**-l
oto
g
£o
zone muscovite-biotite-quartz
muscovite-biotite-calcite-epidote-
quartz
actinolite-calcite (no quartz) 
actinolite-epidote-biotite-quartz
0) 0)■M -M*r4 »H to& r4 0) <U O -H *H ̂  O t tS “«H IT) 
U J=i ^  O Oa
^  §
Almandine-
amphibolite
muscovite-biotite-cordierite-quartz
muscovite-biotite-quartz
actinolite-epidote-biotite-quartz
Table 4 —  Mineral assemblages of regional metamorphism in the study area.
facies assemblages but does appear in the lower temperature Abukuma-type 
facies assemblages (Miyashiro, 1961). The cordierite could be related 
to contact metamorphism, however, since andalusite occurs in the same 
rock. Two lines of evidence from thin sections K-2 and K-3, indicate 
that the cordierite is related to regional metamorphism: 1 .) elongate, 
anhedral poikiloblasts of cordierite are oriented with their long 
dimension (X *-crystallographic axis) parallel to mica foliation and 2 .) 
andalusite porphyroblasts formed after foliation and are randomly orien­
ted suggesting that they, by contrast, formed during contact metamorphism. 
Apparently, cordierite and andalusite formed at different times, cordier­
ite forming during regional metamorphism at low pressure and moderate
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temperature (Abukuma-type)»
Assemblages characteristic of the chlorite zone of the Barrovian- 
type greenschist facies or of the Abukuma-type greenschist facies are 
plotted on ACFK diagrams in Figure 18„ Rocks in this facies typically 
show little deformation accompanying metamorphism* Oolites and sponge 
spicules in the Retort Member of the Phosphoria Formation are not
muscovite K
+ quartz
apatite
tremolite FC
Figure 18 —  Chlorite zone assemblages
destroyed, although oolites are somewhat flattened* The Retort Member 
will be discussed in detail below.
Assemblages in the Barrovian-type biotite zone of the greenschist 
facies, or Abukuma-type greenschist facies are plotted on ACFK diagrams 
in Figure 19 a, b* Tie lines do not cross so that these assemblages
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muscovite K
+ quartz
epidote
biotite
calcite actinolite 
Biotite zone assemblages.Figure 19a
no quartz
C calcite actinolite
Figure 19b —  Biotite zone, silica deficient assemblage.
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appear able to coexist* The following inferred reactions may account 
for some minerals seen in this subfaciesi
(1) 2 Mg-Al chlorite + 6  calcite + 4 muscovite + 2 quartz ^
3 epidote + 4 biotite + 7 water + 6  CO 2
(2 ) 1 0  dolomite + 8  quartz + 1  water ^ ^  1  actinolite +
3 calcite + 7 CO 2
(3) phengite + Mg chlorite ^ muscovite + biotite
or orthoclase + Mg-Al chlorite ^  muscovite + biotite
(qualitative only)
Assemblages definitely in the almandine-amphibolite facies are not 
present although the assemblage containing cordierite probably can be 
considered in this facies* More specifically, however, the cordierite 
assemblage is part of the cordierite-amphibolite facies of Abukuma-type 
metamorphism* This assemblage and associated assemblages are shown on 
ACFK diagrams in Figure 20* Formation of cordierite probably resulted 
from one of the reactions below:
(1) 2 chloritoid + 3 quartz ^ ^  1 cordierite + 2 water
(2) 1 Mg-Al chlorite + 1 muscovite + 2 quartz ^
cordierite + biotite + 4 water 
Chloritoid would not be expected in low pressure types of metamorphism, 
that is, contact or Abukuma-type regional metamorphism, and has not been 
identified in rocks of this area * Therefore, the reaction involving
chlorite appears to be the most reasonable*
Regional facies boundaries can only be inferred since little 
information is available* However, it does appear that the grade 
increases from west to east over the study area, in terms of Barrovian
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muscovite K
cordieriteepidote
biotite
actinoliteC F
+ quartz
Figure 2 0  —  Cordierite-amphibolite (or almandine-amphibolite) facies 
assemblages.
facies, from the chlorite zone to the biotite zone of the greenschist 
facieso At localities K-2, and K-3, the grade appears to increase 
to the araphibolite facies * Using Abukuma-type facies nomenclature, 
which does appear to be more reasonable, the regional grade is within 
the greenschist; facies, reaching the cordierite-amphibolite facies at 
localities K-2, and K-3.
Abukuma-type metamorphism in the study area probably developed 
as a result of heat derived from below the area. Pressure conditions 
probably were a result of lithostatic pressure and stress produced by
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folding* Pressure is not known but certainly was no greater than the 
maximum pressure at which cordierite is stable* The combination of 
moderate to low pressure * and heat added from below produced foliated 
structures » and the minerals characteristic of Abukuma-type métamor­
phisme The increase in grade from west to east could be a result of 
one or both of the following :
(1 ) Folding appears to intensify from west to east so that stress 
due to folding may have increased in that direction.
(2) The deep-seated heat source may have been directly below the 
area within which the Royal Stock is now exposed, so that the 
folded area closest to the source would be metamorphosed to
a higher grade.
Alteration Products and Veinlets 
Most thin sections studied show mineral alterations and veinlets. 
Chlorite occurs as an alteration product of biotite and actinolite, 
sericite commonly occurs as an alteration product of andalusite, and 
serpentine alters from forsterite. Irregular veinlets contain epidote, 
quartz, calcite and chlorite.
Alteration Products
Chlorite occurring adjacent to biotite flakes is of two types : 
lo) Prussian blue interference color, high iron type (Albee, 1962), and 
2.) an olive drab interference color, high magnesium variety (Albee, 
1962). The high iron variety sometimes occurs as lamellae alternating 
with biotite in a single grain. More typically, however, the high 
magnesium variety occurs adjacent to biotite and contains rutile or
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ilmeniteo High iron chlorite may be a transitional step in the alter­
ation to magnesium chlorite and rutile, A reaction showing this 
alteration is as follows :
Biotite ^  (Fe, Ti)-Chlorite + Mg"*"̂  ^  Mg-Chlorite +
X rutile (or ilmenite)
The reaction involving alteration of biotite probably varies from rock 
to rock but in some cases appears to be related to the alteration of 
andalusite to sericite,
Andalusite grains are usually seen with a rim and fracture lining 
of sericite. Since andalusite is pure aluminum silicate only potassium 
and water are needed to explain the production of sericite. Two sources 
for potassium are: 1 ,) an outside source, that is, potassium metasomatism, 
and 2 ,) from the breakdown of another mineral which contains potassium. 
Potassium metasomatism is always a possibility, but a nearby source of 
potassium involves the chloritization of biotite mentioned before. The 
following reaction probably accounts for the production of chlorite and 
sericite from biotite and andalusite:
2 andalusite + 2 (Fe, Ti)-biotite + water + 2 quartz ^
2  muscovite + 2  Mg-chlorite + x rutile (or ilmenite)
The instability of these minerals probably is related to fluids associa­
ted with the last stages of crystallization of the Royal Stock, or to 
retrograde metamorphism resulting from cooling of the contact metamor­
phic rocks.
High magnesium chlorite and calcite are sometimes associated with 
actinolite and appear to be altering from it. Thin section J-29b shows 
this relationship well, Plagioclase is a constituent of the actinolite
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assemblage in this thin section, indicating a grade equal to at least 
the lower hornblende-hornfels facies of contact metamorphism. Chlorite 
is not steible at this grade, in agreement with the textural indications 
of a retrogressive origin. A possible reaction resulting in the pro­
duction of chlorite and calcite from actinolite is as follows:
6  actinolite + 12 CO^ + 14 water ^  5 Mg-chlorite + 12 calcite
+ 28 quartz
Forsterite was found in one thin section in Deerlodge Basin at 
locality Pp^-4. Fractures in the forsterite are commonly lines with 
serpentine (antigorite). The following reaction accounts for the 
alteration of forsterite:
3 forsterite + 1 quartz + 4 water ̂ ^  2 serpentine (antigorite)
This reaction requires silica; however, quartz is not present in the 
rock, so an outside source is necessary. Addition of silica by hydro­
thermal solutions, passing through the rock, is the most likely source. 
Veinlets
Minerals that occur in veinlets have two main sources: 1.) an 
outside source involving mineralization by hydrothermal solutions, and 
2 o) "sweated" out mineral-rich solutions from the country rock during 
metamorphism. Features that probably are more characteristic of 
hydrothermal veins are : 1 .) sharp boundaries between the country rock 
and vein, and 2 .) probable differences in mineralogy between the 
country rock and vein. Features of veinlets where material was "sweat­
ed" out of the country rock probably include : 1 .) indistinct, irregular 
boundaries between the vein and country rock, and 2 .) heterogeneous 
mineralogy, that may correspond to minerals in the surrounding
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country rocks,
Veinlets observed in thin section have very indistinct boundaries, 
and contain heterogeneous mixtures of calcite, epidote, and iron or 
magnesium chlorite, which in some cases match the mineralogy of indi­
vidual parts of the thin section, Actinolite often crosses veinlets 
without deformation but sometimes with slight alteration. The signi­
ficance of this is not clear, but it may imply that actinolite formed 
after or during mineralization. It could also imply that the fillings 
are of replacement origin and that a true open space fracture never 
existed. In general the veinlets appear to have been mineralized 
by "sweating" out of material and not by hydrothermal solutions. In 
some cases, chloritization in biotite-sericite spots is apparent where 
a chlorite veinlet crosses the spot. This indicates that solutions 
did migrate along a fracture altering country rock along the fracture 
boundaries. This type of reaction is metasomatic and not directly 
related to contact metamorphism.
Pods
Clusters of minerals sometimes form pods in the rocks of the 
study area. They commonly occur in the Kootenai Formation and Ellis 
Group, and to a lesser extent in the Amsden Formation, Two shapes are 
seen, lensoid and spherical, Lensoid pods, the most common, vary in 
width from about 1 mm to 10 or 15 mm and vary in length from 1 mm to 
25 mm. Spherical pods vary in diameter from 1-2 mm.
Pods sometimes show mineral segregation, although there is no 
consistent pattern to segregation or of mineralogy* Three mineralo— 
gical varieties are present, based on the most abundant mineral forming
62
the pod cores I » )  calcite, 2 o )  quartz, and 3 o )  orthoclase. Generali­
zations as to mineral composition beyond these cannot be made since 
mineralogy and proportions of minerals vary in each pod. Examples of 
each mineralogical type and exact mineralogy are compiled in Table 5 ,
The pods in K-19a show the best developed mineral segregations 
of the examples listed (Figure 21), Calcite forms the core and is 
surrounded by a thin K-spar layer, which is in turn surrounded by an 
epidote-actinolite-rich layer. Each mineral in the pod is in contact 
with the others and all appear to be at equilibrium, A large pod 
in J-2*4 was the most complex pod described. It is tabular (probably 
lensoid) and contains distinct zones rich in calcite-actinolite, and 
quartz. Some microcline with distorted twinning occurs in quartz 
zones. The pod is wider in the central part of the thin section, 
where a lensoid mass of calcite, actinolite, sphene, and quartz 
is oriented at right angles to the long direction of the pod. This 
zone cuts across a quartz zone, yet quartz appears to replace calcite-
actinolite zones elsewhere, so that the sequence of mineralization is
not clear.
The pods in J-16 are not similar to the other types, but appear 
to be incipient pods, Foliation and bedding curve around calcite 
bodies that look like fossil fragments. Most of the fragments are
tabular as shown in Figure 2 2a, but one has a shape as shown in
Figure 22b, Actinolite, epidote, calcite, and quartz occur in the 
strain shadows formed by these calcite bodies, and in some cases 
appear to replace the calcite, Lensoid strain shadows formed by
Mineral m
m
H  P-» 
1
X
nj
(T>
H  (J 
1
i A
O)
H  OU 
1
1
Oï
H  O  
1
X
ACO(-H pLi 
1
X
H  Ü  
1
X
4 -
CNt ft, 
1
j-
CM Ü  
1
<D
H  P4 
1
D
ID
H  CD 
1
"3
quartz 1 0 % 6 0 % 1 5 % 3 5 % 4 8 % 5 0 % 3 1 % 5 0 % ’ 1 0 % 3 5 %
calcite 6 5 1 1 5 2 2 1 2 5 3 0 1 0
actinolite I 2 2 0 1 0 5 tr 1 0 3 4 0 3 0
epidote 5 2 2 4 0 1 0 3 2 0 1 5
plagioclase 1 5 2 3 4 3 5 2 1 5 2
muscovite 2 5
biotite 2 0 1 0 38 2 5
K-spar 5 2 5 1
chert 1 5
sphene tr
opaques 10
pod shape L S L L L
pod type C K Q C-Q C
L = lensoid 
S = spherical 
C = calcite 
Q = quartz 
K = K-spar 
G = groundmass 
P = pod
cn
CjJ
Table 5 —  Mineralogy of pods and the associated groundmass.
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9
I
Figure 21 —  Mineral zonation in a pod is shown. The core is 
calcite (c) surrounded by K-spar (k); the remainder is a 
mixture of epidote, actinolite, and quartz. Sample K-19a, 
with x-nic)?iols.
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k 1  mm
act-epi-qtz
a. Tabular ”fossil” fragment.
\------- 1  mm-----\
calcite
b. Irregular "fossil" fragment.
Figure 22 -- Strain shadows developed by "fossil" fragments in 
thin section J-16.
differential compaction around fossil fragments may be needed to form 
low energy environments, into which solutions from the groundmass can 
migrate, eventually mineralizing the bulge forming a pod. Gradations 
from slightly mineralized to almost totally mineralized strain shadows 
support this hypothesis.
The descriptions of pods from these thin sections serve to illus­
trate the major types, as well as suggest a possible origin for pods. 
The presence of fossil fragments in a rock need not be the only means 
by which a relatively low free energy environment of suitable
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composition can be formed in a rock» Calcite or dolomite appear to be 
necessary components, however, since the pod minerals always include 
calcite or a metamorphic mineral derived from a carbonate» Discontinu­
ous carbonate beds, pebbles, or even sand grains could produce the needed
environment » Mineralization of this type actually is metasomatism, since
material is taken from one area and transported to another. Minerals 
are dissolved in the matrix, then transported by pore solutions to a 
strain shadow where crystallization occurs. The presence of a quartz- 
rich leached zone around some pods verifies this process, where biotite 
and other minerals are dissolved, and K-spar, actinolite, or epidote are 
formed in the pod, A possible reaction involving the solution of biotite 
follows :
2 biotite + 2 calcite + 8  quartz ^ ^  1 act inolite + 2 K-spar +
(CaMg)C0 3 ? + 1 water + CO^
The change in mineralogy from groundmass to pod is illustrated on two 
ACFK diagrams (Fig, 23 a, b); for the assemblage in K-19a, the pod 
minerals are assumed to be an equilibrium assemblage;
A K A K
K-spar
+ quartz
plagiocjfese + 
epidoteepidote
iotite
caTcTte actinolitecâTcïtë
b . Groundmassa. Pod
+ quartz
Figure 23 —  Pod and groundmass assemblages of thin section K-19a.
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Actinolite and K-spar are produced at the expense of biotite.
Phosphatic Rocks
Phosphatic rocks occur in the Permian Phosphoria Formation in the 
study area» Where unmetamorphosed these rocks consist of oolitic or 
pelletai phosphorite and phosphatic shales. Samples of phosphorites 
were taken from four bulldozer pits dug by Corainco American, Inc., in 
the study area. These pits are numbered and located on the metamorphic 
facies map (Plate 2 ), Samples were also taken from locality Pp-3 in 
Deerlodge Basin from a natural outcrop. Descriptions of thin sections 
are in the appendix.
Structure
Structural features include oolites, pellets, and sponge spicules 
in less metamorphosed rocks and schistose and hornfelsic structures in 
metamorphosed rocks. Oolitic phosphorites (Fig. 24 a) generally do not 
show bedding, while phosphatic shales often show weak bedding. At 
higher grades bedding probably influences the separation of apatite 
from mica (Fig. 24 b) as a result of metamorphic segregation. Ovoid 
clumps of fine-grained apatite occur in some high grade rocks, and 
presumably are flattened, recrystallized pellets or oolites. Oolites 
from Pit §1 and Pit #4, generally show fine laminations, and are not 
fractured or strained, although they are flattened. In any case, 
metamorphism was not strong in these areas. Hematite is present in 
some thin sections and possibly was derived from solutions emanating 
from the intrusion.
Mineralogy
Metamorphosed phosphorites contain apatite, green muscovite.
a. Oolites in phosphatic rock, note the fine laminations and lack of 
shearing or strong distortiono Centers probably were apatite 
pellets, and some are quartzo Sample Pit 4b, with plane light.
bo Clumps of apatite (black) in a groundmass of muscovite or Cr- 
muscoviteo Separation of apatite from mica probably is a 
result of beddingo Antecedent was a phosphatic shale. Sample 
Pit 2b, with x-nicois.
Figure 24 Phosphatic oolites and metamorphosed phosphatic shale
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blue-green biotite, quartz, and pyrite. Several samples were run on 
the X-ray diffractometer to determine the variety of apatite present. 
Samples were taken from a lower grade locality (Pit §1) and from a 
higher grade locality (Pit #2) so that changes in apatite with grade 
would be seen. Although apatite becomes coarser—grained with increased 
metamorphism, the diffraction patterns for these samples are virtually 
identical so that no change in mineralogy is apparent. The apatite 
present was determined to be fluorapatite.
Determination of apatite variety is complicated by the fact that 
there are several varieties with about the same X-ray diffraction 
pattern. Apatite varieties include: carbonate apatite, fluorapatite, 
hydroxyapatite, and chlorapatite (ASTM Mineral Index), Altschuler 
and Cisney (1952), and McConnell (1965) find a good correlation between 
apatite variety and the a^ unit cell dimension, therefore use this 
measure to distinguish varieties. The a^ cell dimension is calculated 
from the equation for determining interplanar spacings in hexagonal 
crystals from Klug and Alexander (1954, p. 36); 
ao^ = 4/3 (h^ + hk + k.̂ ) + l/c^Z
where,
h, k, 1  = indices of the reflecting plane 
do = the interplanar spacing
Cq = the unit cell dimension along the c-axes.
The term 1/Cq ^ can be eliminated if only interplanar spacings are taken 
where 1 equals zero. The equation then becomes;
= 4/3 d^^ (h^ + hk + k^ )
Interplanar spacings for the four varieties of apatite were taken from
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the ASTM Special Publication 48-M2, for natural forms wherever 
possibleo The unit cell, a^, dimension was calculated for all 
spacings where 1 = 0 , for these apatite types and for spacings 
obtained from the unknown samples. The results of these calculations 
are shown in Table 6 . The a^ dimension from the unknown samples 
(mean a^ = 9.38 A) best compares with the mean a^ calculated for 
fluorapatite (9.38 A).
Index of refraction and birefringence can also be used to 
distinguish some apatite varieties. Deer, Howie, and Zussman (1963, 
po 331, Fig. 59) distinguish fluorapatite, chlorapatite and hydroxy­
apatite on this basis. The index of refraction of apatite from Pit §2 
is between 1.634 and 1.636, and the birefringence is about .004. Deer, 
Howie, and Zussman show that fluorapatite, by contrast with the other 
varieties, has these properties. From this data and the X-ray data, 
it seems reasonable to conclude that the apatite in the study area is 
indeed fluorapatite.
The unusual color for muscovite and biotite is unique in the study 
area, and difficult to explain. Green muscovite can be iron-muscovite 
(phengite), chromium muscovite (fuchsite), or chromium-phengite (mari- 
posite). A diffraction pattern made of a muscovite-rich phosphorite 
from Pit #2, shows that the mica is a normal 2M polymorph of muscovite. 
Time did not permit separation and chemical analysis of the muscovite; 
however, semiquantitative spectrographic chemical analyses have been 
made for phosphorites in the western phosphate field (Gulbrandsen, 1960; 
Cressman and Swanson, 1964, p. 439). These analyses show chromium 
concentrations ranging from 0 .1 - 0 .3%, with a modal average of 0 .1 %,
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Mineral and 
ASTM Index No « d-spacing h k 1 ao
3.07 1 2 0 30 9.37 A
Fluorapat ite 2.71 300 60 9.39
(12-261) 2.26 130 2 0 9.40
1.77 140 30 9.37
3.09 A 2 1 0 1 0 9,61 A
Chlorapatite 2.77 300 1 0 0 9,61
(2-0851) 2.04 400 5 9.41
1.81 410 2 0 9.56
8.17 A 1 0 0 1 1 9.45 A
Hydroxy­ 4.07 2 0 0 9 9.40
apatite 3.08 2 1 0 17 9.41
(9-432) 2.72 300 60 9.42
2.26 310 2 0 9.41
4.09 2 0 0 1 0 9.50 A
3,10 1 2 0 30 9.46
Carbonate- 2.73 300 80 9.47
apatite 2.27 130 30 9.45
(12-529)
1 . 8 8 230 1 0 9.46
1.79 140 1 0 9.45
8.14 A 1 0 0 1 0 9,38 A
Samples from 4.07 2 0 0 7 9.40
Pit #1 and 3.07 1 2 0 19 9.38
Pit #2 2.70 300 62 9.35
2.25 130 2 1 9.38
Table 6  -- Data used to calculate a^ values for apatite varieties.
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although it is not know which mineral contained the chromium. In any 
case* it is possible that the chromium could be tied up in mica, in 
either fuchsite or mariposite. The blue-green color of biotite may 
indicate that this mica is actually phlogopite, the pure magnesium 
biotite, or is a Fe‘*'^-rich, titanium-poor biotite (Hayama, 1959).
It is not known to the author whether chromium when substituted in the 
octahedral layer of biotite will give the biotite a green color; however, 
this is a possibility. In any case, chemical analyses must be made of 
the biotite to determine the exact composition, before coloring ions 
can be determined.
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TEMPERATURE AND PRESSURE CONDITIONS DURING INTRUSION OF THE ROYAL STOCK
The pressure and temperature stability field of andalusite found
in the country rocks of the study area, and characteristics of the
granodiorite in the Royal Stock, can be used to determine limits of
pressure and temperature at which the stock intruded. Pressure limits
during intrusion can be estimated from the stability field of andalusite,
and from the crystallinity of the granodiorite. The stability fields
of kyanite-andalusite-sillimanite have been determined by different
workers, Clark (1961), Bell (1963), and Weill (1966) among them.
Figure 25 compares the stability fields determined by each of these
workers. Bell used a "simple squeezer" and Clark used a hydrothermal
Zo
P'HjO
15 -
Bell 
|o -I (1963)
Clark
(196:
K
Weill
1965)
I ooo—r-Figure 25 —  Stability fields 'of andalusite-kyanite-sillimanite 
(after Weill, 1966, p. 232, Fig. 3).
pressure bomb apparatus to determine equilibrium data, whereas Weill 
used solubility characteristics of the minerals under elevated tempera­
tures and constant pressures. The "simple squeezer" method is probably 
less reliable since pressure often is not uniform within the bomb, or 
cannot be measured precisely because of unknown stress distribution.
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resulting in erroneous stability data. The solubility method is 
based on the relative solubilities of andalusite, sillimanite, and 
kyanite in molten cryolite at constant temperature and pressure.
Free energies of formation are calculated using this data, Pressure- 
temperature stability fields can then be calculated with this and 
entropy data. On the basis of Weill's work the maximum pressure at 
which andalusite is stable is about 2400 bars. This is the maximum 
pressure at which the Royal Stock could have intruded.
The relationship between crystallinity of the granodiorite, 
thickness of cover, and pressure cannot be measured, but can be 
estimated intuitively. That is, the granodiorite is medium-grained, 
and therefore cooled slowly, so that a rather thick insulating cover 
was present above the stock; a thickness of at least two kilometers 
is not unreasonable. The lithostatic pressure corresponding to a 
two kilometer—thick cover is equal to about 540 bars (Birch, 1957, 
p. 116). Therefore, a pressure of 540 bars can be assumed as the 
minimum pressure at which the stock intruded.
Jaeger (1957, 1959), has estimated cooling rates of intrusive 
bodies and metamorphic temperatures in the country rock surrounding 
an intrusive, body. He bases these determinations on thermal proper­
ties of the country rock and intrusive. A constant (c) is determined 
using the following equation based on thermal properties:
(1 ) ° = Kir
a 1
Kq = thermal conductivity of the country rock 
ko = "diffusity” of the country rock
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= thermal conductivity of the intrusive rock 
kĵ  = *'diffusity" of the intrusive rock 
"diffusity" is: 
k = K/pc
p = rock density
c = rock heat capacity
The temperature in the country rock at the intrusive contact can be
calculated with the following equation (assuming an initial country rock
temperature of 0° Co):
(2) T = ^ "̂ 1c a + erf X
= temperature of intrusive 
erf = an error function 
X = T ^ / L ^
where = latent heat of crystallization 
Crystallizing magmas produce heat derived from the heat of fusion (or 
crystallization), therefore, the function for latent heat must be used. 
The heat of fusion for the granodiorite in the Royal Stock is not known, 
nor is the nature of the magma when it intruded, that is, whether the 
magma was melt, melt + some crystals, or mostly crystals + some melt.
The total amount of heat yielded by the intrusion due to heat of crystal­
lization is different for each of these cases. As a first approximation 
the latent heat for the granodiorite is assumed to equal that from 
crystallization of melt that has no crystal component. The true latent 
heat value for the stock probably lies somewhere between that when no 
crystals are present and that when there is little or no melt. Jaeger
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(1957, po 309) used values for latent heat of 80 cal/gm and 100 cal/gm 
assuming all melt « He (1959) calculated values for different melt 
temperatures and a values, for latent heat values equal to zero (no melt) 
and to 100 cal/gm (no crystals). Table 7 lists the results of these
calculationsc Since the initial temperature in the country rocks is not
0° Co but is at least equal to the temperature that can be calculated 
from the geothermal gradient of the crust, the temperature corresponding 
to a certain depth must be added to the contact temperature in order to
estimate the total temperature of contact rocks for a given temperature
of the intrusive.
Contact rocks in the study area were metamorphosed prior to intru­
sion and probably were characterized by quartzite, schist and calc- 
silicate rocks. Thermal constants for these rocks can be derived from 
the data given by Lovering (1936), and used to determine a values,
Lovering has no data for calc-silicates so constants for sandstone, 
shale, and limestone were used with the assumption that the thermal 
properties of this mixture would approximate those of a calc-silicate 
mineral mixture. On the basis of these thermal constant assumptions for 
country rocks and the constants given for granite porphyry by Jaeger (1959), 
a a value of 1.1 was obtained; this value is used for further calcula­
tions .
The maximum temperature range of the Royal Stock during intrusion 
can be calculated from the stability field of andalusite. Andalusite is 
present in the country rocks adjacent to the contact, so that the tempera­
ture change produced by the melt cannot excede the stability range of 
andalusite. Before the melt temperature can be determined from this data
a .66 1.0 1.1 2. 0 3 ,35
^1 0 100 0 100 0 100 0 100 0 100
500°C. 199*0, 284*C, 250*C= 347*C 258*C 356*Co 333*C. 433*C, 385*C 470*C.
600 238 328 300 404 310 415 400 510 462 559
700 278 372 350 460 362 472 467 585 539 646
:i 800 318 415 400 514 413 529 533 660 616 732
900 358 458 450 568 465 585 600 733 693 817
1000 398 500 500 622 517 640 667 805 770 901
1100 438 541 550 674
. .
568 694 733 877 847 985
Table 7 —  T values for different melt temperatures, o, and values (modified after Jaeger, 
1959, p. 46, Table 1).
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a correction must be made for the temperature difference in the 
country rock attributable to the geothermal gradient. If the geo­
thermal gradient is assumed to equal 20° C./kilometerthen 40° must be 
subtracted from the contact temperature for every two kilometers of 
depth from the surface or for its eqivalent, 540 bars of hydrostatic 
pressure. The maximum melt temperature is extrapolated from Jaeger’s 
data (Table 6), using T^(corrected) values, for cases where o = 1.1 
and where = 0, and = 100. The most probable maximum temperature 
will lie between these values. Table 8 lists the T^ values and appro­
priate pressures used in these determinations. The results are plotted 
in Figure 26.
^fluid
(Kb)
T
(°C.)
T * corr
(°C. )
L =100 
(°C. )
L =0 1
^1 1 
(°C. )
.30 625 603 936 1167
.54 600 560 855 1084
1,00 550 475 705 920
1.10 470 390 558 763
1.25 460 367 519 710
1.50 450 340 470 660
^Corrected for geothermal gradient 
Table 8 —  Crystallization temperatures (T̂ )̂ of the Royal Stock 
calculated from andalusite stability.
The maximum intrusion tempers cure can also be determined on the 
basis of biotite stability. Biotite is a constituent of the grano­
diorite, therefore temperature and pressure conditions in the melt did
Ufd
A
3500 _
3000 -
2500 _
2000 _T3•H
f—{
CL̂ '1500
1000 .
500 _
biotite stability in 
granodiorite
melt T & P determined from 
andalusite stability where 
= 100 cal/g
melt T 6 P from andalusite 
stability where = 0
minimum melting curve of 
granite (Tuttle and Bowen, 
1958)
T *C.
Figure 26 —  Temperature-pressure field at which the Royal Stock was intruded.
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not exceed those for biotite stability. The stability of biotite
depends on'its composition, that is the Fe^^/Fe*^+Mg ratio. Heinrich
(1946) lists composition fields for biotite from granitic rocks.
Composition for biotite from granodiorite probably lies in a field
between compositions for biotite found in granite and in diorite.
+ 2 +2On this basis, Fe /Fe +Mg ratios ranging from ,50 to .75 are considered
probable. Eugster and Wones (1962) show that biotite stability varies
with composition and partial pressure of oxygen. As the Fe^^/Fe^^tMg
ratio decreases, the maximum stability temperature increases. That is,
a low value, representing magnesium-biotite (phlogopite), is stable at
a higher temperature than a biotite with a high iron content (annite).
The stability temperature also increases as partial pressure of oxygen
+ 2 +2increases. If the minimum Fe /Fe +Mg ratio in granodiorite is 
assumed to be .50, the maximum granodiorite temperature can be deter­
mined, since the oxygen pressure could not exceed that under which a 
biotite of this composition is stable. Wones and Eugster (1965) show 
that biotite of this composition is stable to about 885° C, at 2070 
bars total pressure, and to about 810° C. at 1035 bars total pressure. 
These points are plotted on Figure 26.
The minimum temperature range is determined by the minumum melting 
curve for granite (Tuttle and Bowen, 1958, p. 83, Figure 43). The 
segment of this curve between 540 bars and 2500 bars is reproduced in 
Figure 26.
The area between the curves in Figure 26 defines the field within 
which the temperature-pressure conditions during intrusion of the Royal 
Stock must lie. On this basis, the temperature of the stock is limited
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to somewhere between about 710° C. and 810° C ., under a pressure 
between 540 bars and 1250 bars. However, the field between 735°C,
3.nd 775° Co at pressures from 600 bars to 1100 bars, appears to the author 
to be more reasonable, since the limiting parameters chosen for tempera­
ture and pressure values would effect the extremes of the field more 
than the central area.
The pressure range determined from Fig. 6 can easily be accounted 
for by lithostatic pressure. Since most data used to determine the 
pressure range came from rocks in the Kootenai Formation (in Deerlodge 
Basin), only the section above the basal Kootenai need be considered.
Gwinn (1965, p. 36) divides Cretaceous rocks into a maximum 1100 foot 
section of Kootenai Formation, and a maximum section of Colorado Group 
over 11,400 feet thick. There is a total thickness of 12,500 feet, which 
is equivalent to about 3.8 kilometers or to a pressure of over 1000 bars. 
This would be a valid calculation except that the rocks in the study 
area are strongly folded, effectively increasing the thickness of a 
given thickness of section, perhaps five times. On this basis, assuming 
uniform folding through the section, a pressure of 5000 bars (62,500 feet) 
is indicated. This greatly exceeds the possible maximum pressure (1100 
bars), therefore much of the Cretaceous section must have been eroded 
prior to intrusion. On the basis of the above calculations, a maximum 
thickness of folded section about 13,100 feet thick would produce a 
pressure equal to 1100 bars.
Another method for obtaining a pressure of 1100 bars assumes that 
the Philipsburg Thrust removed most of the folded Cretaceous rocks (by 
gravity sliding?) However, the relationship between the thrust and folded
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rocks is not well known so that any interpretation involving the 
thrust is highly speculative. It remains, however, an alternate 
possibility.
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SUMMARY OF STRUCTURAL AND METAMORPHIC HISTORY
Folding and faulting of Precambrian to Upper* Cretaceous rocks 
in the Flint Creek Range occurred during Late Cretaceous or Early 
Tertiary time » The nature of the forces producing overturned folds 
in the range and the relationship between overthrusting and folding are 
not clear. In some cases, faults (overthrusts mainly) appear to have 
developed prior to or contemporaneous with folding, whereas in other 
cases faulting (high angle) developed after folding.
Abukuma-type regional metamorphism developed in the rocks of the 
study area during folding. Major folds are upright, and foliation 
parallels axial surfaces of the folds. Pressure necessary to form 
foliation probably resulted from fold stress and lithostatic pressure, 
both of unknown value, Heat necessary for this type of metamorphism 
probably was derived from a deep-seated heat source (magma) located 
beneath the area, Metamorphic grade appears to increase from west to 
east, from the greenschist facies to the cordierite-amphibolite facies, 
and probably reflects increased folding stress and heat in this direc­
tion ,
Following development of foliation, granodiorite melt (Royal 
Stock) forcefully intruded the country rocks of the area. The temp­
erature of the melt most likely was between 735-775° C. Country 
rock pressure probably was between 600-1100 bars. Distortion of the 
country rock structure accompanied intrusion. A southward force 
produced the distortion and probably indicates that the stock in this 
area intruded from the north. Hornfelsing of country rocks surrounding
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the stock resulted from intrusion. Pre-existing foliation was destroyed 
close to the stock but is present in the outer part of the contact 
aureole and in the area outside the aureole. Minerals were produced in 
response to original rock composition and to grade of metamorphism. Key 
assemblages show that grade decreased away from the stock contact, from 
the hornblende-hornfels facies to the albite-epidote-hornfels facies 
about a mile from the contact.
Tertiary uplift resulted in erosion of the country rock covering 
the stock. Pleistocene glaciation modified drainage produced during 
the period.
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APPENDIX
Thin Section Descriptions 
Abbreviations used in this tabular listing of minerals and tex­
tures are given below:
alt to ant = altered to antigorite from forsterite
alt to chi = altered to chlorite from biotite and actinolite
alt to ser = altered to sericite, mainly from andalusite
C = calcite-type pod
fine-gr = fine-grained
fol = foliated texture
fossil frag = fossil fragments
horn = hornfelsic texture
horn + fol = hornfelsic + foliated texture
I = insipient-type pod
K = K-spar-type pod
layered = compositional layering
med-gr = medium-grained
oolites = phosphatic oolites
pellets = phosphatic pellets
pods = mineral pods
poik = poikiloblastic texture
porph = porphyroblastic texture
Q = quartz-type pod
spicules = sponge spicules
spots = ovoid mineral zones
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Abbreviations used for equilibrium mineral assemblages are given below:
1 = muscovite-biotite-chlorite-quartz
2 = muscovite-biotite-quartz + plagioclase
3 = muscovite-biotite-calcite-epidote-quartz
4 = muscovite-biotite-epidote-quartz + plagioclase
5 - muscovite-biotite-andalusite-quartz
6 = muscovite-biotite-cordierite-quartz
7 = muscovite-chlorite-apatite-quartz
8 = muscovite-tremolite-apatite-quartz
9 = muscovite-biotite-apatite-quartz
10 = muscovite-biotite-apatite-quartz
11 = biotite-epidote-calcite-quartz
12 = biotite-epidote-K-spar ^  plagioclase
13 = actinolite-calcite (no quartz)
14 = actinolite-calcite-quartz
15 = actinolite-epidote-calcite-quartz +_ plagioclase sphene
16 = actinolite-epidote-K-spar-calcite-quartz +_plagioclase
17 = actinolite-epidote-K-spar-quartz
18 - actinolite-epidote-biotite-quartz- +_ plagioclase sphene
19 = actinolite-epidote-K-spar-biotite-quartz ^  plagioclase
20 = forsterite-calcite-scapolite-talc? (no quartz)
Samples of Permian rocks from Pit #1 to Pit #4 are located on Figure 27 
(in appendix)o
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